Abstract: The objective of this study was to examine whether the Polish soil textural classification is useful for evaluation of soil water retention and hydraulic properties and, furthermore, for determining which textural classes are characterized by the highest diversity of soil water retention and hydraulic properties. The texture triangle was divided into a 1% grid of particle-size classes resulting in 5151 different data points. For each data point, soil water retention parameters and saturated hydraulic conductivity were obtained using the ROSETTA program. The silt classes showed the highest uncertainty in the estimation of the saturated water content based on the soil texture. These classes are characterized by high variations of saturated water content within the class. Estimations of field capacity and permanent wilting point on the basis of textural classes are encumbered with highest errors for gp, pg, pl and pyg soils, which are characterized by the highest values of coefficient of variation. Saturated soil hydraulic conductivity is better classified into homogeneous classes by the Polish texture classes than by the clusters obtained by the k-means cluster analysis based on the soil hydraulic and retention properties. Soil water retention parameters are better classified into homogeneous groups by the k-means cluster analysis than by the traditional textural classes. Cluster analysis using the k-means can be helpful for grouping similar soils from the point of view of their retention properties.
INTRODUCTION
Understanding the soil-water-atmosphere-plant processes, in particular on regional scales, requires grouping soils on the basis of their hydraulic properties. Classical methods of direct measurement of soil hydraulic properties are known to be costly, time consuming and impractical for regional scale application (Dane and Topp 2002, Ramos et al. 2013) . Hence, pedotransfer functions (PTFs) have been developed as an alternative to traditional methods to indirectly estimate soil water retention properties and hydraulic parameters from basic soil physical and chemical properties (Bouma 1989 , Vereecken et al.1989 , McBratney et al. 2002 , Pachepsky and Rawls 2004 especially on regional scales. The use of PTFs in soil-water modelling is well accepted if no detailed data are available. The majority of the available PTFs are based on the assumption that soil texture is the dominant variable in determining the soil water retention and hydraulic properties whereas the other soil variables, such as bulk density or organic matter content, only have secondary effects (Twarakavi et al. 2010) . The simplest PTFs have been developed to provide estimates of average soil water retention properties or hydraulic parameters for different textural classes (Wösten et al. 1995 , Schaap and Leij 1998 , Al Majou et al. 2008 , Bruand et al. 2003 , Ramos et al. 2013 . Soil texture refers to the proportions of various particle-size classes in a given soil volume and is described in terms of soil textural class usually presented in a ternary diagram. Saxton et al. (1986) have divided the soil texture triangle into grids of 10% sand and 10% clay content increments to develop the texture based PTFs for generalized predictions of soil hydraulic properties in each grid cell. Twarakavi et al. (2010) have also focused on the relations between the texture triangle and soil hydraulic properties using the ROSETTA PTFs (Schaap et al. 2001 ) taking into account various soil texture possibilities (i.e., combinations of sand, silt, and clay percentages). Bormann (2007 Bormann ( , 2008 Bormann ( , 2010 has shown that some soil textural classes from the German soil texture (Ad-Hoc- AG Boden 2005) classification show a large variation in simulated soil water balances, and that this variability significantly differs between different soil texture classes. Similar results have been obtained by Groenendyk et al. (2015) using the USDA (Soil Survey Division Staff 1993) soil texture classification, hence texture classification has not been primarily designed for hydrological mapping purposes (Groenendyk et al. 2015) .
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The objective of this study was to examine whether the Polish soil textural classification PTG 2008 (Polskie Towarzystwo Gleboznawcze 2009) is useful for prediction of soil water retention and hydraulic properties and, further, for determining which textural classes are characterized by the highest diversity of the soil hydraulic parameters. PTFs were used as it is difficult to represent the entire soil texture triangle by soil hydraulic properties obtained from direct field and laboratory measurements.
MATERIALS AND METHODS
According to the Polish soil texture classification PTG 2008 (Polskie Towarzystwo Gleboznawcze 2009) the soil texture triangle is divided into 16 texture classes: six loam classes, four clay classes, three silt classes and three sand classes. In our study, we used the following procedure for soil classification from the hydraulic and water retention standpoint. Firstly, the four soil hydraulic parameters θ r , θ s , α, n from the van Genuchten (1980) equation and saturated hydraulic conductivity (K s ) were estimated throughout the entire soil texture triangle using the ROSETTA program (Schaap et al. 2001 ) so that the various soil texture possibilities were considered:
where θ(h) is the volumetric water content (cm 3 ·cm -3 ) as a function of the pressure head h (cm), θ s and θ r are the saturated and residual volumetric water contents (cm 3 ·cm -3 ), respectively, α (cm -1 ), n and m (dimensionless) are the van Genuchten shape parameters where m=1-1/n. The ROSETTA PTFs (pedotransfer functions) use artificial neural networks and can predict the soil hydraulic parameters needed as a function of the soil texture and bulk density (H3 model). By changing each soil particle size fraction by 1% intervals, 5151 unique data points (soils) were identified in the textural triangle. Percentages of sand, silt, clay and bulk density were used as an input to ROSETTA, so that the results of soil water retention parameters and saturated hydraulic conductivity shown in a ternary diagram are only a function of soil fraction proportion and bulk density. Bulk density (ρb) is an important soil physical property needed for estimating soil water characteristic (Boucneau et al., 1998) . Differences in bulk density values among soils are primarily attributed to differences in particle size distribution and organic carbon contents (Manrique and Jones 1991 , Hollis et al. 2012 , Abdelbaki 2016 . For this reason, the pedotransfer function (PTFs) proposed by Leonaviciute (2000) was used to estimate the bulk density values in 5151 soil data points,assuming 1.2% of organic carbon content as a mean for Polish topsoils (Terelak et al. 2001 ). According to Schaap et al. (2001) for H3 model, the root mean square error (RSME) values of estimated K s and water retention data (on the basis of van Genuchten (1980) equation) were 0.666 log cm·d -1 and 0.068 cm 3 ·cm -3 respectively.
Using the soil hydraulic parameters from the van Genuchten (1980) equation, the field capacity (θ fc ) and the permanent wilting point (θ wp ) were calculated at the water potentials of -10 kPa and -1500 kPa respectively. On the basis of θ s , θ fc and θ wp the drainable porosity (DP= θ s -θ fc ) and the available water capacity (AWC= θ fc -θ wp ) were calculated. Then the 5151 data points representing various combinations of particle-size classes and the bulk density were grouped according to PTG 2008 (Polskie Towarzystwo Gleboznawcze 2009). For individual soil textural classes, the basic statistics of soil water retention parameters and saturated hydraulic conductivity were calculated. The next step was to use the k-means clustering method for classifying (into 16 clusters) the data of soil hydraulic and water retention parameters (K s , θ s , θ fc , θ wp , AWC, DP). Prior to the application of the k-means clustering algorithm, the data were standardized so that each of the soil hydraulic properties had the same impact on the clustering process.
RESULTS AND DISCUSSION
The distributions of the soil water retention parameters and saturated hydraulic conductivity are presented in the ternary diagrams in Figure 1 . Table 1 shows the basic statistics of soil water retention parameters and saturated hydraulic conductivity for 16 soil textural classes. The highest mean values of K s were obtained for the soils with pl, ps, pg and pyz (symbols are explained in the caption of Figure 1 ) texture but the highest values of the coefficient of variation (CV) were obtained for gz, gpi, pyi and pyg soil textures (from 36 to 50%). Similar results have been obtained by Groenendyk et al. (2015) using the USDA soil textural triangle. As far as θ s , is concerned, the soil textural classes pyz, ipy and gpyi showed the highest mean values (0.453, 0.436 and 0.435 cm 3 ·cm -3 , respectively), while the pl, gp and ps textural classes showed the lowest (0.366, 0.367 and 0.370 cm 3 ·cm -3 , respectively). The values of the CV for θ s were the highest for pyi, pyg and pyz (from 4,5 to 6,3%), while the lowest were found in the ps and pl soils (0.4 and 0.5%, respectively). With increasing content of clay and silt fractions, the values of θ s significantly increased Fig. 1 . Suitability of the Polish soil texture classification to soil water retention properties (Fig. 1b) . Soil water contents at -10 kPa matric potential (θ fc ) were lower in the coarser textural classes and increased diagonally with the increment of clay and silt contents (Fig. 1c) , therefore the highest mean values of θ fc were in the pyz, pyi and gpyi soils (0.401, 0.377 and 0.375 cm 3 ·cm -3 respectively). For the textural classes pl, ps, pg, gp and pyg the highest values of the CV (from 10% to 17%) were observed. This means that the extrapolation of θ fc data to another soil within the same textural class will be burdened with high error. These soils, especially pyg and pg, exhibited also the highest values range of θ fc . For the soil pyg it was 0.157 cm 3 ·cm -3 while for the pg textural class 0.110 cm 3 ·cm -3 . The values of θ wp were determined mainly by the clay fraction content (vertical limit) (Fig. 1d) . The lowest values of θ wp were in the coarser textural classes (from 0.046 to 0.050 cm 3 ·cm -3 ), while the highest in the ipy, iz, ip and ic (from 0.150 to 0.202 cm 3 ·cm -3 ) soils. Highest values of the CV of θ wp were obtained for gp, pg, gpi and gz soil. From the point of view of plant production, the soil properties related to AWC are important. The coarser textural classes and the soils with higher clay content had lower AWC then the other classes (Fig. 1e) . According to Al Majou et al. (2008) , the soils with high clay texture showed a high proportion of water that is not available for plants. The highest mean values of AWC have the soils from the textural classes pyz, pyi, pyg and gpyi. These textural classes store from 0.325 cm 3 ·cm -3 to 0.256 cm 3 ·cm -3 of the water available for growing crops. The highest ranges of AWC were established for the textural classes gp, iz, gi and pyg (from 0.093 cm 3 ·cm -3 for gp to 0.125 cm 3 ·cm -3 for pyg). The highest values of the CV were obtained for pl, ps and pg soil texture, which means that estimation of the AWC on the basis of these textural classes and soil bulk density is burdened with high uncertainty. Along with AWC, one of the most important properties of soil water retention is the drainable porosity (DP). The DP is the pore volume of water that is removed when the water table is lowered in response to gravity and in the absence of evaporation. The highest mean values of DP were obtained for the soils pl, ps and pg (from 0.299 cm 3 ·cm -3 for pl to 0.223 cm 3 ·cm -3 for pg) texture, while the lowest for the soils of the textural classes pyi, ic and pyg (from 0.044 cm 3 ·cm -3 for pyi to 0.050 cm 3 ·cm -3 for pyg) (Fig. 1f, Table 1 ). The highest range of DP was found for ps, pg and gp (from 0.072 cm 3 ·cm -3 to 0.126 cm 3 ·cm -3 ), while the lowest range of DP was obtained for the soil ipy, ip and gpyi (from 0.008 cm 3 ·cm -3 to 0.017 cm 3 ·cm -3 ). For pyg, gp, gz and pyz, the highest CV values (from 17% for pyz to 27% for pyg) were obtained, which indicates that approximation of DP on the basis of texture in these soils may be burdened with large error.
The results of k-means algorithm application to the dataset describing soil hydraulic and water retention properties (K s , θ s , θ fc , θ wp ) of the 5151 soil texture triangle realizations are shown in Figure 2. Twarakavi et al. (2010) . Table 2 presents the basic statistics of soil water retention parameters and saturated hydraulic conductivity for 16 clusters obtained by the k-means clustering algorithm. For K s the highest value of the CV was obtained in the fourteenth cluster, which was 75%, while in the textural classes based on PTG 2008 (Polskie Towarzystwo Gleboznawcze 2009) 50% for gz (Table 1) . Groenendyk et al. (2015) have also noted that many clusters based on the K s classification have larger within-cluster variations than the textural classes of the USDA (Soil Survey Division Staff 1993) classification. As to θ s, the highest values of CV were obtained for the second cluster (3%) and the textural classes pyi, pyg and pyz (from 4.5 to 6.3%). Due to the lack of normal data distribution, the median values of CV for textural classes and clusters were calculated (Table 3 ). The median value of K s for texture classes was 30%, while it was 32% for clusters. This means that saturated hydraulic conductivity is better classified into homogeneous groups by the Polish texture triangle than the clusters obtained by the k-means cluster analysis. For θ s , θ fc , AWC and DP, the highest median values of CV were obtained for the textural classes based on PTG 2008 (Polskie Towarzystwo Gleboznawcze 2009) than in the groups obtained by the k-means clustering algorithm. This indicates that the soil water retention parameters are better classified into homogeneous groups by the k-means cluster analysis than the textural classes based on PTG 2008 (Polskie Towarzystwo Gleboznawcze 2009). According to Borman (2007 Borman ( , 2010 and Groenendyk et al. (2015) , the texture classifications currently used in the World are designed on the basis of similarity with respect to grain size distribution. Soil texture classification could also be performed on the basis of their hydrological properties, including the soil water balance. CONCLUSIONS 1. The highest uncertainty in estimation of saturated water content based on the texture has been found for pyi, pyg and pyz. These soils are characterized by high variations of saturated water content within the class. 2. Estimations of the field capacity and permanent wilting point on the basis of textural classes are encumbered with highest errors for the gp, pg, pl and pyg soils, which are characterized by the highest values of coefficient of variation. 3. The soil saturated hydraulic conductivity is better classified into homogeneous classes by the Polish texture triangle than by the clusters obtained by the k-means cluster analysis based on the soil hydraulic and retention properties. 4. The soil water retention parameters are better classified into homogeneous groups by the k-means cluster analysis than by the traditional textural classes. The cluster analysis using the k-means can be helpful for grouping similar soils from the point of view of their retention properties. 
